Global Ischemia in Dogs: Intracranial Pressures, Brain Blood Flow and Metabolism • Our earlier studies showed no secondary postischemic (PI) rise in cisterna magna pressure (CMP) for ten hours and no significant reduction in CBF (integrated N,O desaturation technique) for three and one-half hours after 15 minutes of systemic circulatory arrest. However, transtentorial pressure gradients may have developed, and CBF changes may have been masked by limitations of the N,O method in low flow states. In this study, 12 dogs were subjected to 15 minutes of aortic occlusion and studied for two hours PI. Immediately after restoration of circulation, cisterna magna, supracortical and lateral ventricle pressures rose to 35 to 40 torr, concomitant with a threefold increase in cerebral blood flow ^"Xe clearance technique). By 30 minutes postischemia, cisterna magna and supracortical pressures had returned to control values but lateral ventricular pressures normalized slower. CBF decreased to and remained at 50% of preischemic values after 40 minutes PI. Cerebral glucose uptake increased markedly immediately PI, then fell significantly below control values at 45 minutes. Cerebral O, uptake was significantly reduced, although less than for glucose, between 30 and 60 minutes PI. Global ischemia for 15 minutes is followed neither by a secondary rise in intracranial pressure nor by a cerebrospinal fluid pressure gradient but rather by hypoperfusion and defective glucose metabolism.
Introduction
D With increasing duration of global ischemia, progressive failure of cerebral reperfusion (no-reflow) occurs, 13 suggesting a correlation between the development of the no-reflow phenomenon (NRP) and the degree of brain damage sustained. In a previous study, we tested the hypothesis that a secondary postischemic (PI) rise in intracranial pressure (ICP) may be responsible for the development of brain death after transitory improvement. 4 Brain damage sustained after an ischemic-anoxic insult may develop progressively from foci of high vulnerability which gradually expand to form diffuse lesions -"vicious cycle process." 6 However, cisterna magna pressure (CMP) monitored for up to ten hours PI after 15 minutes of global ischemia was unremarkable.
Postischemic cerebral hypoperfusion was not conclusively demonstrated as measured by the integrated N 2 O desaturation technique. Cerebral blood flow (CBF), cerebral vascular resistance (CVR) and cerebral metabolic rate for oxygen (CMRO 2 ) were not significantly altered at 35, 90, and 210 minutes PI, while CMRG was significantly lower than preischemic values at 35 minutes, but not at 90 minutes PI.
Several technical problems precluded conclusive statements from the earlier study. First, the dogs were anesthetized with pentobarbital, which may protect the brain against ischemic-anoxic damage." Second, in the low-flow state, 15 minutes of breathing nitrous oxide (N 2 O) may not be adequate to saturate brain tissue, which would yield erroneously high CBF and cerebral metabolic rate values. Third, an erroneously high result would be obtained if determinations were made during a rapid decrease in flow, 7 and fourth, significant ICP gradients may have developed PI. 8 Therefore, our aims in the present study were to determine the following: (1) whether CBF and brain metabolism PI would be different under N,O/O a /relaxant anesthesia; (2) whether estimation of CBF by the Xenon clearance technique would reveal previously undetected changes in CBF and CMR; and SNYDER, NEMOTO, CARROLL, SAFAR (3) whether a secondary rise in ICP was undetected in our earlier study because of significant transtentorial pressure gradients. Briefly, the results confirmed changes in CBF and cerebral metabolism only suggested by the earlier study, while measurement of ICP in several locations confirmed the lack of a secondary PI rise. Xe activity was monitored for ten minutes after the isotope injection with a focused collimator 2" X 2.5" Nal(Tl) scintillation crystal preamplifier spectrometer system (Baird Atomic, Inc.), connected to a Baird Atomic Linear/Log Rate Meter with a time constant of one second. The clearance curve was recorded on a Leeds and Northrup Strip Chart Recorder.
Methods

Healthy
Although a focused collimator system was used, the probe position and size of collimator were such that essentially an entire ipsilateral hemisphere was in view of the detector. Therefore, although the CBF values will be referred to as regional cerebral blood flow (rCBF), they are probably representative of hemispheric, but primarily cortical, blood flow. CBF was calculated from the clearance curve according to the T'/ 2 method of Waltz et al.
9
BLOOD ANALYSES
Arterial blood Po,, Pco,, and pH were measured by appropriate Radiometer electrodes, hematocrit by a micro method and blood oxygen content by the Lexicon Oxygen Analyzer. Blood glucose and lactate contents were assayed enzymatically.
10 All analyses were done in duplicate.
Results
EEG activity was usually isoelectric within 25 seconds after aortic clamping. Systemic physiological and blood variables monitored are shown in table 1. Mean systemic arterial pressure (MSAP) was maintained normal or above normal throughout the study, except at 75 minutes PI, when it was significantly below (P < 0.05) preischemic values. CVP, Paco 2 , hematocrit, Pao, and Tr were not significantly changed from control throughout the PI period, but acidemia persisted for at least one hour PI. During and after circulatory arrest FiO 2 was changed to 100% oxygen, which accounts for the higher mean Pao, values PI. Changes in CBF, cerebral perfusion pressure (CPP = SAP -ICP), CMP, SCP and LVP are illustrated in figure 1. Mean control CBF values were approximately 50 cc/100 gm per minute, increased threefold to 161 cc/100 gm per minute at five minutes PI, then fell to about 20 to 25 cc/100 gm per minute by one hour PI, and plateaued at that level for the two subsequent hours. Preischemic CPP was about 110 torr, fell to zero during the ischemic period, was restored to normal by five minutes PI, and maintained normal for one and one-half hours thereafter. Mean preischemic CMP and SCP were between 13 and 16 torr, fell to a mean of about 8 torr during the ischemic period, and peaked at a mean of approximately 38 torr or twice control values at six minutes PI. In four dogs, preischemic LVPs were about 8 torr higher than corresponding SCP or CMP values. Peak LVP was about 30 torr at 12 minutes PI and remained elevated longer than either CMP or SCP, returning to a mean of 11 torr at 90 minutes PI.
Brain metabolism, and blood concentrations of glucose, oxygen and lactate are shown in table 2. Cerebral metabolic rate for glucose (CMRG) increased significantly above control values at 5 and 15 minutes PI, then fell significantly below control at 45 minutes PI while CMRO 2 was significantly reduced at 30, 60, and 75 minutes PI. The changes in CMRG reflected the changes in CBF and, although both CMRG and CMRO 2 fell PI, the fall in CMRG was relatively greater than the fall in CMRO 2 . Arterial O 2 content was unchanged throughout; hyperglycemia and lactic acidemia persisted PI. Cerebral venous oxygen content (C V O 2 ) was significantly elevated at 5, 15, and 30 minutes PI; it gradually fell to normal and then subnormal levels concomitant with the fall in CBF.
Discussion
The pathogenesis of progressive brain failure following ischemia-anoxia is presently unknown. It has been suggested that foci of high vulnerability to ischemic-anoxic damage gradually expand due to local increases in brain tissue pressure. 4 We suspected that such expanding lesions may be the focus of the NRP and may lead to a gradual generalized increase in ICP. Several studies by Ames et al. 1 have shown that the NRP may be due to: (1) RBC aggregation and capillary occlusion, (2) neuronal, glial and astrocytic foot process swelling, and (3) capillary endothelial swelling and formation of "blebs" which may then block capillaries. A combination of the pathophysiological changes could then lead to the progressive development of gross cerebral edema.
Our observations indicate that neither significant CSF pressure gradients nor a secondary or progressive rise in ICP developed PI. The only significant ICP gradient observed was between LVP and the other ICPs measured (peak gradient 15 torr at 45 minutes PI). However, preischemic LVP-SCP/CMP difference at its greatest was about 7 to 8 torr, which leads us to believe that the PI pressure gradient may be an artifact arising from trauma associated with lateral ventricular puncture.
11 Johnston et al.
12
reported normal LVPs of between 10 and 15 torr. Because CBF was found reduced by 50% with normal ICPs, we conclude that ICP cannot be reliably -" have done extensive clinical and animal studies on the development of PI changes in regional CBF. Their results show that with an increase in ICP to stage 4 (decompensation), ICP increases to equal and passively follows SAP, and cerebral filling ceases, as determined angiographically. The pathogenesis of the NRP after diffuse ischemia differs from the injury sustained by direct increases in ICP, since in our studies CBF was 50% of control with the maintenance of a normal CPP. A possible mechanism of the NRP after diffuse ischemic-anoxic insult is the occurrence of intracellular edema with a shift of fluid from the extracellular space to the intracellular space without significant net change in intracranial volume, or a change within the compensatory capacity of the brain fluid volumes, so that no increase in ICP is observed. Hossmann et al.
17
' " also reported the development of the NRP in cats with CBF 50% to 75% of normal, but only in animals showing no return of EEG (i.e., no recovery) after 30 to 60 minutes of global ischemia. Reactive hyperemia was also absent. Unfortunately, in most cats showing reactive hyperemia and EEG recovery, CBF was not monitored beyond the point of EEG return. ICPs and other physiological variables such as hematocrit were not reported, which precludes explanation of the difference between their results and ours.
It is interesting to note that the NRP as we observed it in this study (PI cerebral hypoperfusion) appears to have a time course exactly opposite to the NRP described by Cantu et al." They reported 44, 21, 13 and 5% of the brain with impaired perfusion (demonstrated by brain perfusion with colloidal carbon suspension) at immediately, 7.5, 15 and 120 minutes of normal blood pressure following 15 minutes of global ischemia. The discrepancy in time course of the impairment of brain perfusion is puzzling. We speculate that the reason is probably related to the fact that the methods used reflect perfusion of different brain regions. The measurement of CBF by the '"Xe clearance with external scintillation detection indicates primarily cortical blood flow, while the carbon black perfusion method measures the entire brain. Indeed, when the percent areas of nonperfusion were determined for only cerebral cortex by Cantu et al., there was no consistent pattern of gradual reduction in flow impairment as observed for the whole brain. On this basis, one might further speculate that the degree of flow impairment observed in the cerebral cortex in the studies of Cantu et al. is much less than for other brain areas. Measurement of regional cerebral blood flow in different brain regions (i.e., cerebral cortex, basal ganglia) may provide answers to these questions.
CMRG was significantly elevated at 5 and 15 minutes PI, presumably due to resaturation of brain ECF, tissue and metabolic pathways with glucose. After resaturation of the brain, it fell to about 50% of preischemic values, which may be a result of the preferential metabolism of accumulated lactate 20 or a defect in glucose transport and metabolism. Drewes et al.
11
' M showed that during ischemic anoxia there is a defect in glucose transport and that re-oxygenation after ischemia inhibits hexokinase and phosphofructokinase activity and therefore glycolysis. At 30, 60, and 75 minutes PI CMROj was also significantly reduced but less than the reduction in CMRG, which also suggests oxidative metabolism of endogenous substrates such as accumulated lactate. In most cases, CvO, was abnormally low during the low CBF state, indicating that PI CBF was compromised to the point of cerebral hypoxia and negating the idea that the PI reduction in CBF is simply a matching of CBF to reduced cerebral metabolic demands.
In summary, after 15 minutes of global ischemia there is no secondary rise in ICP or the development of significant ICP gradients. Also, there was no correlation between the development of PI hypoperfusion and an observable increase in ICP. These findings do not exclude the possibility that local increases in brain tissue pressure may occur and result in regional brain hypoperfusion. Immediately after restoration of circulation, glucose resaturation of the brain occurs without a parallel increase in O 2 uptake. After 60 minutes PI, CBF and CMRG and CMROj are subnormal. Low CvOj PI suggests continued cerebral hypoxia for up to two hours PI."
